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We investigate scattering of light on micro droplets of suspensions of 100-nm and
225-nm-radius dielectric spheres in glycols. Rapid increase of scattered light intensities
accompanied by light depolarisation was observed on presumed formation of the surface
layer of inclusions. We determined the effective refractive index of the droplet (surface)
evolving during the formation of the surface layer of inclusions. We present a model
enabling identification of interaction of surface structures of inclusions with Whispering
Gallery Modes of the droplet. It seems possible to exploit the evaporation of micro
droplets of suspension as a method of production of composite objects with very specific
indices of refraction.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The optical properties of a droplet of suspension con-
taining small, sub-micron particles [1] can well depend
on such properties of these particles as their dimension,
shape or distribution. In the simplest case, the effective
(optical) properties of a composite object are a simple
volume fraction mixture of components' properties [2].
However, in many cases such approach is oversimplified.
In particular, optical properties of an evaporating droplet
of suspension can be strongly modified by formation of the
surface layer of inclusions [3], since the vicinity of the
droplet surface is occupied by the relevant optical modes
of the droplet. The total field interacting with a (surface
layer) inclusion consists of incident field, field scattered
on the droplet as a whole (effective refractive index) and
field scattered by other inclusions. The interaction of this
total field with inclusions structures manifests in a com-
plex way. The influence of the surface layer of inclusions
All rights reserved.
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(structures) on Whispering Gallery Modes (WGM) of the
droplet seems particularly important. The concept of WGM
can be clearly grasped with the Mie theory [4]. It has been
developed under different names (morphology resonances
[5], partial wave resonances, structural resonances [6,7]),
etc. WGM appears in the context of ultra-sensitive detec-
tion [8], micro-cavities [9,10] and micro-lasers [11] as well.
In this paper we try to analyse the influence of the surface
layer of inclusions, forming on evaporating droplet of
suspension, on the process of light scattering on such
a droplet. In particular, we pursue the interaction with
WGM. We minimised the influence of inclusions distrib-
uted in droplet volume by employing suspensions of low
refractive index difference between components. It is
worth noticing, that the surface roughness is known to
enhance various optical phenomena due to enhancement
of the local field [12].

2. Scattering by a micro-droplet containing inclusions

Scattering on a spherically symmetric, homogeneous and
optically linear droplet can be described with Mie theory. In
cal Whispering Gallery Modes with the surface layer of
nsfer (2013), http://dx.doi.org/10.1016/j.jqsrt.2013.03.009i
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order to describe scattering of light on a micro-droplet of
suspension, apart from scattering on a droplet-sized sphere,
the scattering on inclusions should be considered. We treat
scattering on inclusions as an additional source of scattering
on a composite droplet. This simple attitude is justified by the
observed order of optical phenomena during evaporation of a
droplet of suspension with small initial fraction of inclusions.
First we observe Mie scattering typical for homogeneous
sphere with well-pronounced Whispering Gallery Modes
(WGM), then we see a sudden appearance of additional
modes of scattering caused by inhomogeneities forming in
observed object. This simple model serves to understand,
classify and qualitatively describe the phenomena observed in
our experiments rather than to quantitatively model scatter-
ing of light on non-homogeneous particle.

In our experiments, the refractive indices of inclusions
(polystyrene 100-nm-radius nano-spheres: nD20 ¼ 1:58; SiO2

225-nm-radius nano-spheres: nD20 ¼ 1:46) were nearly equal
to those of the liquids (ethylene glycol (EG): nD20 ¼ 1:43,
diethylene glycol (DEG): nD20 ¼ 1:45) and the surface active
agent (sodium dodecyl sulphate (SDS)): nD20 ¼ 1:46. Therefore
the droplet of suspension can be treated as optically homo-
geneous and scattering of light on inclusions can be neglected
as long as they stay beneath the droplet surface. When
inclusions appear at the surface they scatter light as separate
objects [13].

The electric field of scattered light is proportional to the
incident field EI at the position of scatterer

E
!

sca∝eı q
!� r! E

!
I ð1Þ

where q¼ 2ksinðθ=2Þ, θ is the scattering angle and k is the
incident wave number.

Thus, the scattering on N scatterers can be written as
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where ri
! and rj

! are the positions of ith and jth scatterer
respectively.

Scatters distributed on the droplet surface interact with
a local field composed of the incident (laser) field E0

�!
and

the field scattered on the droplet Ed
!

. Therefore:

EI
!ð ri!Þ¼ E0

�!ð ri!Þþ Ed
!ð ri!Þ ð3Þ

If the droplet is much larger than the wavelength and the
distribution of inclusions is random, the scattering is inco-
herent, i.e. only terms with i¼ j in Eq. (2) contribute. As the
liquid evaporates and the distances between inclusions
shrink the coherent scattering terms with i≠j come into
play. In order to extract the properties of coherent and
incoherent scattering we introduce the surface density
function (number per unit area) of inclusions ρð r!Þ enabling
to replace summation with integration

ρð r!Þ¼N−1 ∑
N

i ¼ 1
δð r!− ri

!Þ and

∑
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i ¼ 1
eı q
!� ri

!
¼N

Z
eı q
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where δ is the Dirac delta function. Then
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where Es ¼ E0; Ed and
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Eq. (2) can be transformed into the following form (see
e.g. [13] p. 656):

IðqÞ≅IincohðqÞ þ IcohðqÞ; ð7Þ
where

IincohðqÞ≅Ns I0 þ
Z

ρð r!Þj E!dð r!Þj2d r!
� �

ð8Þ

IcohðqÞ≅s N
Z

eı q
!� r!ρð r!Þ E!0ð r!Þd r!

����
����2

 

þ N
Z

eı q
!� r!ρð r!Þ E!dð r!Þd r!

����
����2
!

ð9Þ

¼ IcohA ðqÞ þ IcohB ðqÞ

and

s¼ k4a6
n2−1
n2 þ 2

����
����
2

: ð10Þ

The incoherent term Iincoh consists of two parts: (i)
proportional to the number of scatterers (inclusions) only
and (ii) proportional to the convolution of the surface
density of inclusions and the field scattered by the droplet.
The coherent term Icoh also consists of two parts: IcohA
proportional to the coherent scattering of laser light on
inclusions and IcohB proportional to coherent convolution
of the surface density of inclusions and the field scattered
by the droplet. We neglected the interference terms E0Ed,
since these fields travelling along entirely different optical
paths have much different phases.

Ed
!ð r!Þ can be calculated with Mie theory (see e.g. [14]).

It should be stressed that for large droplets (droplet radius
much larger than the light wavelength R⪢λ) the presence
of Whispering Gallery Modes is clearly pronounced in the
scattered light intensity. There is an extensive literature on
WGM as spherical micro-cavity modes [15,16]. For the
purpose of this work, for the sake of simplicity, we will
approximate WGM as standing waves along the droplet
equator with maxima corresponding to Rmax ¼mλ=ð2πnÞ,
where m is an integer number. Consequently, the spacing,
along the droplet equator, between the maxima of
scattered light intensity associated with WGM is λ=n. Thus,
the field amplitude associated with WGM at the droplet
surface can be simulated in a very simple way:

EWGM ¼ E cos ðκRÞ sin ðκLÞ; ð11Þ
where κ¼m=Rmax, L is the coordinate along the droplet
equator and 〈x〉 is the mean distance between inclusions.
The sin ðκLÞ term describes the distribution of WGM field
(standing wave) along the equator.
cal Whispering Gallery Modes with the surface layer of
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It seems reasonable to assume Gaussian distribution of
inclusions on the droplet surface, so also along the equator
we get

ρðδLÞ ¼ 1
w

ffiffiffiffiffiffi
2π

p exp −
δL−〈x〉ð Þ2
2w2

" #
; ð12Þ

where w is the standard deviation of the distribution and
δL describes the distance from the density maximum.

Thus the integrals in Eq. (8) can be estimated along the
equator and Iincoh takes a perspicuous form:

IincohðqÞ≅1þ 1
2 cos

2ðκRÞ½1−W cos ð2κ〈x〉Þ�; ð13Þ

where W∝ exp ð−2κ2w2Þ=ðw
ffiffiffiffiffiffi
2π

p
Þ. We do not put equality

here since in general a WGM maximum may not coincide
with the density maximum. It can be readily noticed that
the intensity of Iincoh oscillates with radius R and is
additionally modulated as cos ð2κ〈x〉Þ.

When inclusions are close enough or form a regular
pattern on the surface they scatter light coherently
(Eq. (9)). The maxima of IcohA correspond to resonances
associated with fitting of mean distance 〈x〉 to the light
wavelength. They disappear when the distribution of x
becomes too wide, i.e. qw is large.

IcohA ðqÞ≅
NE0

w
ffiffiffiffiffiffi
2π
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IcohB term describes the interference of the above described
local resonances and WGM (being nonlocal resonances).

IcohB ðqÞ≅
NE0 cos ðκRÞ

2w
ffiffiffiffiffiffi
2π

p ∑
z ¼ 71

exp −
ðqþ zκÞ2w2

2

" #
exp ðıq〈x〉Þ

�exp ðızκ〈x〉Þ: ð15Þ
Fig. 1. Schematic drawing of experimental setup and the outline of the data pr
trap together with the droplet-on-demand injector shown in the centre. Drople
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It may be difficult to distinguish all kinds of resonances in real
experiment observation. But careful separation of them can
give deep insight into surface phenomena.
3. Experimental apparatus and sample preparation

Schematic drawing of the experimental setup and the
outline of data processing procedures is presented in Fig. 1.
Single droplets of suspension were levitated in an electro-
dynamic quadrupole trap (built in our lab; cutaway drawing
presented in the centre of Fig. 1). Electrodynamic trapping is
a well-established experimental technique, see e.g. [17–25].
A particular combination of alternating (AC) and static
(DC) electric fields, in (close to) quadrupolar configuration,
enables constraining particle(s) to a small volume of “free”
space, ideally to a point. Particle(s) of a certain charge to
mass ratio q=m sit then in the pseudo-potential minimum
formed by oscillating saddle-shaped field. Trajectories of
a particle in oscillating, quadrupolar field can be described
with Mathieu equations. The trap was kept in a small
(∼10 cm3) thermostatic chamber with dry nitrogen atmo-
sphere at 25 1C and atmospheric pressure. Droplets were
injected into the trap with the droplet-on-demand injector
(built in our lab as well; similar to e.g. [26,27]) kept at
chamber temperature. The droplets were charged by charge
separation in the external field of the trap, on emerging from
the injector nozzle (no additional charging electrodes were
used). Thus, the sign and the value of the charge was,
to some extent, determined by the injection timing versus
the phase of the trapping AC field. Our setup allows stable
trapping of droplets from ∼35 μm down to ∼0:5 μm radius.
The average initial droplet radius is several μm. Two coaxial,
counter propagating laser beams were used simultane-
ously for droplet illumination: green (532.07 nm, 5.5 mW)
ocessing procedures. Cutaway drawing of the electrodynamic quadrupole
t presented as 100� oversized.
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Table 1
Refractive index and density of substances used in experiments @ 251.
nD20 values provided by the manufacturers of the chemicals. The nD20 for
SDS is 1.46. Dispersion curve for PS nano-spheres taken from [29] and for
EG from [30]. The dispersion curves for SiO2 micro-spheres and for DEG
were adapted from [31] (fused silica) and from [30] (EG) respectively.

Substance Density
(kg/m3)

Refractive index @

532.07
(nm)

654.25
(nm)

Ethylene glycol (EG) 1109 1.432 1.429
Diethylene glycol (DEG) 1114 1.448 1.445
Polystyrene (PS) nanospheres 1050 1.588 1.582
Silica (SiO2) microspheres 1700 1.461 1.457
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Fig. 2. Temporal evolution the droplet radius, corresponding to Figs. 4–6.
Open circles represent radius obtained with scatterometry/weighting
combination (only every 400th point shown). Circle size corresponds
to estimated radius measurement accuracy; error bars for radius shown
(in red) for selected data points correspond to WGM maxima spacing;
uncertainty of temporal position was negligible. (For interpretation of the
references to color in this figure caption, the reader is referred to the web
version of this article.)
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H-polarised (horizontal) and red (654.25 nm, 10 mW)
V-polarised (vertical). The focused image of the droplet
collected with a microscope and a simple B/W camera was
used for droplet position stabilisation. The vertical position of
the (evaporating) droplet was maintained at the trap centre
with a PID type stabilising loop, applying a balancing DC
voltage between the top and bottom electrode. Analysing the
temporal evolution of this DC voltage enables, in combina-
tion with scatterometry, weighting of the droplet. No secular
(macro) motion was allowed or observed. In lateral direc-
tions, non-absorbing droplets performed only trap-
constrained Brownian motions. Neither photophoresis nor
thermophoresis nor radiation pressure effects were
observed. Simultaneously, the droplet was in the focus of
lens with NA¼0.28 with axis at the right angle in the
horizontal scattering plane. The entirely defocused images
of the droplet, registered with the colour CCD camera
(PixelFly, pco.imaging), was used for scatterometry. The
distortions of frequency and shape of the interference
fringes/speckles (spherical aberration and other geometrical
effects) were corrected numerically in post-processing. Two
linear polarisers were used in the detection channel:
H-polariser (in respect to the scattering plane; upper half
of the channel) and the V-polariser (the lower half of the
channel). Using a colour camera allowed us to separate
spectrally the elastically scattered light and attribute it to
appropriate incident beam polarisation. We recorded tem-
poral evolution of the intensity distributions of the scattered
light of the same polarisation as the polarisation of the
incident light (of a given colour) (IVV ðΘ; tÞ and IHHðΘ; tÞ), and
the cross-polarised (depolarised) light intensities (IVHðΘ; tÞ
and IHV ðΘ; tÞ) correspondingly.

In experiments presented in this work we generated
droplets of suspensions: (i) 100-nm-radius polystyrene (PS;
Thermo Scientific, 3200A) nano-spheres in diethylene glycol
(DEG; Fluka, BioUltra, 99.99 GC area %) with sodium dodecyl
sulfate (SDS; Sigma-Aldrich, ACS Reagent, ≥99:0%), (ii) 225-
nm-radius silica (SiO2, C-SIO-0.45, Corpuscular) micro-spheres
in DEG with SDS and (iii) 225-nm-radius SiO2 micro-spheres
in ethylene glycol (EG; SPECTRANAL, Riedel-de Haën, 99.9 GC
area %) with SDS. The suspensions were prepared by first
mixing EG or DEG with SDS and then with pre-concentrated
suspension of PS or SiO2 nano-spheres in water and sonicat-
ing. The approximate initial mass fractions were: (i) PS:SDS:
DEG¼2:1:1000, (ii) SiO2:SDS:DEG¼2:1:500 and (iii) SiO2:
SDS:EG¼10:1:2000. After the injection of a micro-droplet
into the dry-nitrogen atmosphere, the water fraction evapo-
rates in a fraction of the first second (compare [25,28]) leaving
the desired suspension.

The bulk properties of substances used in experiments
are presented in Table 1.

The temporal evolution of the droplet radius R(t), was
obtained with a combination of methods consisting of
scatterometry and weighting [32] assisted by analysis of
WGM position. Scatterometry analyses angular distribu-
tion of scattered light intensity (angle-resolved static light
scattering, see eg. [33] and references therein) for every
acquired frame. The method variant that we developed
belongs to a group of look-up table methods which rely
on comparing experimentally obtained versus theo-
retically predicted scattering patterns. Weighting enables
Please cite this article as: Kolwas M, et al. Interaction of opti
evaporating droplet of suspension. J Quant Spectrosc Radiat Tra
retrieving of the droplet radius as long as the density of
droplet material is known. Since during evaporation all
solid inclusions stay in the droplet/composite agglomerate,
the changes of droplet density can be accounted for.
Supplementing the results of scatterometry/weighting
combination with the Mie theory based analysis of WGM
temporal positions seen in the scattered light intensity
enables further improvement of radius measurement. An
example of R(t) is presented in Fig. 2.

4. Interaction of WGM with droplet surface layer of 100-
nm-radius inclusions

In our experiment we observe scattered light intensity
integrated over elevation angle Φ from −5 to 5 degrees and
azimuthal angle Θ from 70 to 110 degrees in scattering
plane. For a homogeneous sphere such intensity can be
calculated with the Mie theory. A manifold of WGM
resonances, calculated with the Mie theory for VV and
HH polarisations, is presented in Fig. 3 as a function of
droplet radius.
cal Whispering Gallery Modes with the surface layer of
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Fig. 3. Theoretical IVV (grey) and IHH (black) scattered light intensities
calculated with the Mie theory (integrated over observation angles
to meet the experimental conditions) for n¼1.4. The high frequency
oscillations correspond to WGMs. The modulation of IVV can be perceived
in the frame of Debye's series as the partial waves interference (see eg.
[34,35]). The steady increase of both IVV and IHH intensities versus radius
is the manifestation of geometrical cross-section increase.

Fig. 4. Intensity of scattered light on all 4 polarisation combinations. The
rapid increase of scattered light intensity begins when the inclusions
start to accumulate at the droplet surface at ∼1000 s. The stabilisation
of (average) intensity of scattering signals marks the end of intensive
evaporation.

Fig. 5. The ratios of signals of straight polarisations IHH=IVV (grey) and cross-
polarisations IHV=IVH (black). (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this article.)
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In the experiments with droplets of suspension of
100-nm-radius PS nano-spheres in DEG, we observed
similar signal until the moment in which the scattering
on inclusions appeared (Fig. 4).

As it has been already mentioned, because of small
difference between refractive indices of DEG and PS, only
the inclusions located at the surface and in contact with air
scatter intensively, which leads to light depolarisation. In this
way crossed-polarised signals IVH and IHV appear. It should be
emphasised that observation of cross-polarised signals carries
information on inclusions (surface roughness). After ∼ 1000 s
of evolution the growing intensity of scattering indicates the
formation of inclusion's layer(s) on the surface. After ∼1200 s
the droplet should be rather perceived as an agglomerate
particle. As it can be seen in Fig. 2, its radius ceases to change
or changes very slowly (drying porous material, compare [36])
then. This coincides with stabilisation of (average) magnitude
of scattering signals.
Please cite this article as: Kolwas M, et al. Interaction of opti
evaporating droplet of suspension. J Quant Spectrosc Radiat Tra
It can be noticed (Fig. 5) that the ratio between IHH
(green laser light) and IVV (red laser light) signal grows
over time until the beginning of formation of inclusions
layer at the surface (at ∼1000 s). Then the ratio reaches its
maximum value of ∼2. This suggests Rayleigh scattering
proportional to k4 (compare Eq. (10) and NsI0 term in (8)),
i.e. on separate objects smaller than light wavelength
(a¼100 nm in this case). The decrease which follows
indicates the growing influence of scattering on larger
objects, e.g. growing aggregates. The cross-polarised inten-
sities ratio IHV=IVH , after an initial increase, stabilises. This
suggests the saturation of number of surface inclusions.

It is possible, by studying scattering signals in fine detail,
to point to some phenomena concerning the formation of
inclusions surface layer. We shall illustrate it by analysing
the IVH (red) cross polarised light (Fig. 6). It begins to vary
from 995 s of droplet evolution. After relatively smooth first
short stage (995–1000 s) the intensity starts to oscillate
regularly (see Fig. 6). The Whispering Gallery Modes can
be identified by comparing experimental results with the
Mie theory calculations (see inset in Fig. 6 and compare
Eq. (8)). We interpret it as due to the interference of WGM
with surface structure of inclusions, which is described with
cos ð2κ〈x〉Þ term in Eq. (13). It should be remembered that
mean distance between inclusions 〈x〉 is a function of droplet
radius and therefore of time.

In the evolution that follows, the character of resonances
changes which can be associated with formation of more
compact two dimensional structure of inclusions (a surface
aggregate). The beating of WGM structure is covered by
a manifold of resonances due to the interference of light
scattered on different inclusions (structures). This phenom-
enon is described with IcohA term in Eq. (9). This contribution
to scattering is additive to incoherent one and does not
originate from interference with WGM-s. It seems realistic
to assume that in this region WGM-s disappear due to the
collapse of the regular surface structure.

5. Properties of surface layer

It seems possible to evaluate, at least qualitatively, the
properties of the surface layer of inclusions when it is
cal Whispering Gallery Modes with the surface layer of
nsfer (2013), http://dx.doi.org/10.1016/j.jqsrt.2013.03.009i
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Fig. 6. The intensity of depolarised light IVH in the region of strong
scattering. First IVH grows as the number of inclusions accumulated at the
surface increases, than it starts to oscillate due to the interaction of
the surface structure of inclusions with WGM of the droplet. The WGM
can be identified by comparing experimental IVH with the Mie theory
calculations for IVV (inset, gray). Inset corresponds to region marked in
main figure with vertical dashed lines. The base line and amplitude of
WGM modulation marked with light gray solid lines.

Fig. 7. The number of inclusions calculated from minima of IVV (solid
squares) and IHH (solid circles) respectively. Open circles: evolution of W.

µµ µµ

Fig. 8. The temporal evolution of W (open circles) and the mean distance
of inclusions 〈x〉 (solid circles). Gaussian profile fit to W(R) represented by
solid line.

Fig. 9. Examples of scattered light intensities for evaporating droplets of
suspensions of SiO2 in liquids of different volatility: (a) EG and (b) DEG.
The intensities of straight-polarised scattered light, represented by IHH
(black line) in both figures, are modulated due to WGM and decrease
proportionally to the surface area of the droplet until the formation of
the surface layer of inclusions. The intensities of cross-polarised light,
represented by IHV (gray line) in both figures, are nearly constant until the
surface layer of inclusions formation.
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regular enough not to destroy WGM of the droplet. We
study 3 properties of the IVH(t) signal (Fig. 6): (i) the base
line of modulation, (ii) the amplitude A of modulation and
(iii) the positions of WGM resonances. The relative number
of inclusions located on the droplet surface can be directly
inferred from the base line of modulation (see grey line in
Fig. 6) by means of Eq. (8). Finding the actual number N of
inclusions on the surface requires calibration. To this end,
we note that when the mean distance between inclusions
approach the light wavelength in the medium (compare
Eq. (13)), the amplitude of modulation is highest. The
gauging equation takes then a simple form

0:74NðA¼ AmaxÞ〈x〉2 ¼ 4R2: ð16Þ
It should be underlined, that the close-packing arrangement
(the factor of 0.74) corresponds, counter-intuitively, to the
average distance between inclusions and not to inclusions in
direct contact. In case of DEG, the vacuum wavelength of
654 nm (red light) is reduced to 453 nm in the medium
(n¼1.445, see Table 1) and for data presented in Fig. 6 we find
Please cite this article as: Kolwas M, et al. Interaction of optical Whispering Gallery Modes with the surface layer of
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Fig. 10. Upper curve: IHH signal close to the formation of the surface layer
of inclusions (smoothed signal superimposed). Lower curve (solid cir-
cles): the temporal evolution of the interval δt between WGM maxima
(measured from the raw signal).

Fig. 11. The effective index of refraction of the droplet surface calculated
from the intervals between WGM maxima.
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Nðt ¼ 1130Þ ¼ 4920 nm. Using WGM resonance position for
gauging allows us to expect that the accuracy of NðA¼ Amax

(number scaling) should be better than 1%. Since the droplet
radius at modulation maximum can be determined 71
distance between WGM maxima, which is ∼60 nm, the
accuracy of NðA¼ Amax is 7∼30 inclusions. However, the
main source of uncertainty of N(t) is the determination of the
baseline value. Judging by the discrepancy between results
obtained from IVV and IHH (Fig. 7) this uncertainty should not
be larger than 25%.

In order to find a parameterisation of the distribution of
distances between inclusions x, we use the parameter
W¼A/N which can be perceived as a surface inclusions
order parameter. The temporal evolution of W found from
experimental data and the mean distance of inclusions 〈x〉
are shown in Fig. 8. During the evaporation of liquid from
the droplet, W increases first, reaching the highest value at
1132 s (narrowest mean distance distribution), and then
decreases. The dependence of W upon droplet radius has
resonant character.

The amplitude A depends on competition of WGM
resonator quality (amount of energy stored at the surface)
and the efficiency of scattering of WGMs on inclusions
distributed on the surface. This competition can be seen in
Fig. 7: W is maximal before the number of surface inclu-
sions reaches maximum.

6. Effective index of refraction of surface layer: inclusions
SiO2, a¼225 nm

In order to study the properties of surface layer in detail
we used larger inclusions of SiO2 (a¼225 nm) suspended in
DEG and in much more volatile EG. In spite of significant
difference in evaporation rate we observed similar phenom-
ena (see Fig. 9). At early stage of evaporation oscillations
associated with WGMs were clearly pronounced, indicating
optical homogeneity and spherical shape of the droplet. Then
a rapid increase of scattered light intensities was observed
suggesting the surface layer of inclusions formation. That was
followed by saturation of scattering signals with oscillations
superimposed, indicating transition of the surface layer of
Please cite this article as: Kolwas M, et al. Interaction of opti
evaporating droplet of suspension. J Quant Spectrosc Radiat Tra
inclusions into a multi layer aggregate and then into an
aggregate of less regular structure of the surface. Very similar
effects were observed in case of 100-nm-radius inclusions.

However, in case of SiO2 inclusions additional small
maximum appears few seconds before rapid growth of all
intensities. It is especially well pronounced for suspension
in EG between 15 and 18 s in IHH signal in Fig. 9(a). This
effect seems to be connected with interaction of light with
under-surface inclusions, since it is absent in depolarised
signals (see IHV in Fig. 9). This maximum is accompanied
by a slight decrease of distance δt between WGM reso-
nances (measured from raw signal; shown in Fig. 10). It is
followed by a rapid growth of δt, in the evolution range
identified as the surface layer formation, starting at ∼18 s.
The manifestation of WGM depends on the local quality of
the resonator. The effective refractive index of the droplet
surface can be perceived as some measure of this quality.
Thus its value may be somewhat misleading. We use the
distance between two WGM maxima δR¼ λ=ð2πnÞ to
estimate the effective index of refraction of the droplet
surface (Fig. 11). We assume that the initial refractive index
at the surface is identical with the initial bulk refractive
index, which is known. Since the character of the droplet
radius evolution is very similar to that presented in Fig. 2,
for short intervals δt∝δR. This approximation holds for any
short interval, perhaps except the very “kink” at the end
agglomerate formation. The value of n grows from the 15th
s of evaporation, suggesting that under the smooth surface
of the droplet (no cross-polarised IHV or IVH signals) some
inclusions structure is formed. Then, at ∼18 th s, cross-
polarisation signals appear and begin to grow. Simulta-
neously, the index of refraction decreases as low as 0.5. We
attribute this effect to interaction of WGMs with surface
inclusions. The formation of inclusions structure on the
droplet surface (a meta material layer) influences the
position of resonances associated with WGM. This can be
observed as a modification of the effective refractive index
of the droplet surface.

After the rapid increase (after 20th s in Fig. 10), the
scattered light intensity begins to oscillate slowly (in
respect to WGM resonances). This modulation seems to
be related to the evolution of the mean distance between
inclusions 〈x〉 in respect to the wavelength. Since the
cal Whispering Gallery Modes with the surface layer of
nsfer (2013), http://dx.doi.org/10.1016/j.jqsrt.2013.03.009i
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inclusions are larger (a¼225 nm) the beats are slower
than in case of 100-nm-diameter inclusions.

7. Conclusions

In our experiments on drying droplets of suspensions
we observed rapid increase of scattered light intensities
and appearance of scattered light depolarisation. We
associate it with a sudden formation of surface layer of
inclusions. We have presented a simple description mak-
ing it possible to identify interactions of surface inclusions
and their structures with Whispering Gallery Modes of the
droplet. The formation of surface layer seems very promis-
ing not only as a vehicle for studying the dynamics of
evaporation but also as means for engineering spherical
aggregates of desired index of refraction. In particular
such aggregates can serve as micro-cavities of designed
properties.
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